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In the framework of warped extra dimension models addressing tlie gauge hierarchy pro- 
blem, we consider the Randall-Sundrum (RS) scenario under the usual hypothesis of a bulk 

custodial symmetry. It is shown in detail that there can exist large corrections to the Higgs 
boson Vacuum Expectation Value (VEV) induced by mixings of the gauge bosons with their 
Kaluza-Klein (KK) excitations. The connection with electroweak precision tests is deve- 
loped. A noteworthy result is that the correct treatment of the Higgs VEV leads to an 
increase of the lower limit at 95%C.L. on KK masses that can reach +30% (from usually 
accepted values). For a Higgs mass 120 < nih < 150 GcV, the obtained limit [from updated 
precision data] on the first KK gauge boson mass lies in the range 3.3 - 4.0 TeV. The VEV 
corrections also play a central role in the corrections to the Higgs couplings. We find possibly 
substantial RS corrections to the various Higgs couplings able to affect its phenomenology, 
starting with a Higgs discovery at LHC more challenging than in the Standard Model (SM). 
The deviations to the Higgs production/decay rates found in RS will be testable at ILC 
as well as at LHC. Such RS signatures could even be used at ILC to discriminate among 
several models beyond the SM. Finally, the possibility of a light Higgs boson (m^ ~ 99 GeV) 
interpreting the excess at 2.3a observed at LEP2 is pointed out. 
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I. INTRODUCTION 

The Standard Model (SM) represents a successful description of the ElectroWeak (EW) in- 
teractions. Nevertheless, the instability of the EW scale under radiative corrections is a strong 
indication for a new physics underlying the SM. The attractive scenario proposed by Randall and 
Sundrum (RS) [T] to stabilize the EW scale is based on a 5-dimensional (5D) theory where the 
extra dimension is warped and compactified. The non~factorisable metric there is of type Anti-de 
Sitter and the space-time, which is thus a slice of AdS^, has two 4-dimensional boundaries: the 
ultra-violet (UV) boundary at the Planck scale and the infra-red (IR) brane with an exponentially 
suppressed scale in the vicinity of the TeV scale. The Higgs boson has to be localized at this 
so-called TeV-brane if the EW scale is to be stabilized by such a geometrical structure. 
In contrast, letting propagate the other SM fields in the bulk [2] allows to suppress higher dimen- 
sional operators, potentially troublesome with respect to Flavor-Changing Neutral Current effects, 
by energy scales larger than the TeV scale. This feature has also the advantage to possibly gen- 
erate the fermion mass hierarchy and flavor structure by a simple geometrical mechanism [2 |3l |3j 
(even including the small neutrino mass scale [5J. In addition, this RS version with bulk matter 
allows for the unification of gauge couplings at high-energies [6] . More generically speaking, this 
RS version often turns out to constitute a suitable framework for model building issues. 

From a general point of view, those RS models with a fundamental Higgs boson, the alternative 
models of gauge-Higgs unification [7 and the Higgsless models |H] can be thought of as warped 
extra dimension models constituting dual descriptions, through the AdS/CFT correspondence [9], 
of 4D strongly coupled gauge theories (in the limit of a large number of colors) predicting the 
effective Higgs field as a composite state (see e.g. pUj). 

Within this new paradigm about the Higgs field sector, one has to take care of the realization of 
the ElectroWeak Symmetry Breaking (EWSB). In particular, additional contributions to the SM 
observables arise e.g. for the EW gauge boson masses raw^z and, in turn, for the Fermi coupling 
constant Gp- More precisely, within the RS scenario, these tree-level mw,z corrections, with 
respect to the pure Higgs boson Vacuum Expectation Value (VEV) contribution, originate from 
the mixing between zero-mode gauge bosons and their Kaluza-Klein (KK) excitations. Even for 
relatively heavy KK states, this gauge boson mixing, induced by mass mixing terms also driven 
by the Higgs VEV, could be quite large since the KK boson wave functions are generally peaked 
at the TeV-brane where is confined the Higgs boson. Therefore significant corrections to the SM 
Higgs VEV can be expected, with various important phenomenological implications. 

In the present paper, we first compute the Higgs VEV in the RS context from EW data, 
including SM loop corrections, and find that significant deviations w.r.t. the SM Higgs VEV 
can be reached in large regions of the allowed parameter space. This computation allows us to 
treat precisely the oblique parameters S,T,U [Tl] which depend on the Higgs VEV, and hence 
to analyze the constraints from precision EW observables. A new aspect that matters for these 
EW Precision Tests (EWPT) is that the correlation between S and T through the RS parameters 
is modified by the new VEV dependence on these parameters. These EWPT, based on updated 
experimental data, are studied under the theoretical assumption of a bulk gauge custodial symmetry 
SU(2)l xSU(2)rxU(1)x which allows to reduce the final bound on the mass of the first KK gauge 
boson excitation Mkk (strictly, the KK photon mass) from ~ 10 TeV |12j down to roughly a few 
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TeV [13^, avoiding then the httle hierarchy problem. However, an important result here is that 
this EWPT analysis leads to more severe bounds on Mkk when the obtained VEV deviations are 
taken into account: the increase of this limit, at 95%C.-L., can reach ~ +1 TeV in some extreme 
situations. 

Such increases of the limit on Mkk are crucial for the next-coming LHC search of resonances 
due to the direct production of KK excitations of gluons or EW gauge bosons [U] in RS-like models. 
Those increases of the possible Mkk values make the most promising tests of KK resonances, which 
already suffer from low cross sections, even more challenging. Another possibility for discovering 
signatures of RS models at next colliders is to observe deviations of the Higgs boson couplings from 
their values predicted by the SM. Such deviations may also of course play a primordial role in the 
experimental search for the Higgs boson that will probably represents the first goal of the LHC. 

Hence, we have computed the Higgs boson couplings, based on the VEV determination men- 
tioned above. We find that the deviations of the Higgs couplings from the SM values can be large 
and also that major parts of those are due to the VEV corrections in RS. The Higgs couplings 
to pairs of fermions and EW gauge bosons as well as the effective couplings at loop level to two 
gluons or two photons are calculated, taking into account the studied EW precision constraints on 
Mkk- In particular, we make the connection between the possible RS solution [15] of the anomaly 
on the forward-backward 6-quark asymmetry observed in e^e^ collisions [16] and the cross 
section (j{gg h) for the main Higgs production process at the LHC: the gluon-gluon fusion 
mechanism which proceeds through heavy (KK) quark triangular loops. Those past and future 
collider observables and (T{gg h) are indeed connected through the choice of localization 
in the bulk, for the bottom and top quarks, that fixes their couplings and own masses. 
The obtained reduced production rates at LHC can render the Higgs boson search more difficult in 
the RS model than in the SM, especially during the first phases at low energies and luminosities. 
Interestingly, the obtained Higgs production rates at LEP2 are also significantly reduced w.r.t. SM 
so that the well-known excess at 2.3(T in the Z + h' s channel can be precisely interpreted by a light 
Higgs boson (m/j ~ 99 GeV) produced within the RS context - thus differently than the way it 
could also be interpreted within the NMSSM via a reduced B{h bb) branching ratio [T7]. This 
interpretation is interestingly correlated to the A'^p^ solution through the 6-quark localizations in 
the bulk. Such a light Higgs boson lies in a mass range quite difficult to explore at the LHC. 
Concerning the effects in the Higgs boson couplings, the possibly large corrections obtained com- 
bined with the expected LHC performance in measurement precisions, for the various Higgs pro- 
duction and decay channels, will allow indirect detections/exclusions of RS models in the Higgs 
sector. The future linear collider like ILC will even be capable of precisely measuring the smallest 
Higgs coupling deviations arising in RS scenarios, and, discriminate between several models. We 
will illustrate quantitatively those phenomenological results for small Higgs boson masses of 120 
GeV, 150 GeV and the entire range of gz' coupling constant values [associated to the extra Z' 
boson issued from the enhanced bulk gauge symmetry]. 

At this stage, one has to mention related works about the Higgs boson couplings within the 
AdS/CFT paradigm. First, the gluon-gluon-Higgs amplitude has been computed in the context of 
a 5D gauge-Higgs unification as a dual realization of 4D composite Higgs scenarios [18_ . cr{gg h) 
has also been evaluated in warped extra dimension models [19] (based on a bulk custodial symmetry 
[201121]) without a precise consideration of EWPT. The effective Higgs coupling to two photons has 
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been compared among various extra dimensional models for some fixed sets of parameters |19| [5T] . 
Besides, the rate deviations from SM predictions, for various Higgs discovery channels at LHC, 
have been computed within the strongly-interacting light Higgs models [22] '■ the LHC will be able 
to explore values of the cut-off scale Anf (where the model becomes strongly coupled) up to 5 — 7 
TeV. Finally, the deviations of the Higgs couplings to EW gauge bosons have been computed in 
the framework of the so-called gaugephobic Higgs boson scenarios [23 . There, the Higgs couplings 
can be so suppressed that it can be definitely out of reach for the LHC (in case of a bulk Higgs) 



The organization of the paper is as follows. In Section |TT] the corrections to the Higgs VEV 
arising in the RS framework are computed. The connections with EWPT and the Higgs boson 



phenomenology are studied in the next sections. In Section HI an analysis of the oblique param- 
eters is performed in order to derive the induced bounds on the KK scale. Then in Section IV 
after calculating the Higgs couplings, the various tests of the Higgs boson are discussed at the 
different colliders (LEP, Tevatron, LHC and ILC). Finally, variations on the main scenario studied 
are briefly discussed in Section IVl 



II. HIGGS BOSON VEV 

A. Theoretical framework 

Energy scales: Within the RS model, the gravity scale on the Planck-brane is 
^Planck = 2.44 X 10^^ GeV, whereas the effective scale on the TeV-brane M^, = e''^^^" M^\s.ack 
is suppressed by the warp factor which depends on the curvature radius of the AdS space 1/fe 
and on the compactification radius Rc- For a product kR^ — 11, = 0(1) TeV allowing to 
address the gauge hierarchy problem. We will take kRc — 10.11 so that the maximum value of 
Mkk — 2.45A:e~'^'^^=, fixed by the theoretical consistency bound k < 0.105Mpianck) is ~ 10 TeV 
in agreement with the the typical EWPT limits at a few TeV and the range of Mkk values 
considered here. 

The parameters noted c/ fix the 5D masses zizCfk, affected to each fermion /, and thus control 
the fermion localizations in the bulk. Those satisfy |cj| = 0(1) to avoid the introduction of new 
fundamental scales. 

Gauge symmetry breaking: The SM gauge group is recovered after the breaking of the 
SU(2)r group into U(1)r, by boundary conditions and possibly also by a small breaking of SU(2)r 
in the bulk effectively parametrized by the mass M (the Wj^ boson associated to SU(2)r 
without zero-mode). Then the breaking U(l)pi, x U(l)x U(1)y occurs via a VEV on the UV 
brane: the state W^, associated to U(1)r, mixes with B, associated to U(l)x, to give the SM 
hypercharge B boson, the orthogonal linear combination being the extra Z' boson. The Z' has no 
zero-mode and its first KK mass is close to Mkk' MLt^ ~ 2A0ke~'"^^'' . 
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B. VEV modification 



As in the SM, the Higgs VEV value is determined by the Fermi constant Gp- Nevertheless, 
the corrections to Gp due to the mixing of the SM boson with its KK excitations introduce 
a dependence on the bare EW gauge coupling constants g and g' [65]. So within the RS context 
two other observables must be used to fix the values of the Higgs VEV noted v and the two bare 
parameters g.,g'. The natural choice is to use the EW gauge boson masses and mz- The 
divergent parts of the one-loop EW loop corrections to respectively Gp and mz^w will affect the 
hVV coupling (V = Z'^, VF^), via v, g, g', but will be canceled out by the SM quantum corrections 
to the coupling itself: respectively the Higgs boson self-energy and the vertex irreducible correction 
PS] . The inputs Gp and mz are among the most accurately measured quantities and serve as 
excellent reference points for EWPT as will be described later. The tiny experimental error on 
mw (see updated value in [26]) turns out to not affect significantly the v value obtained that way. 

The Z boson mass defined as the pole of its propagator reads as 



+ {g^ + g") H33(m|) + 5SM^|, 



(1) 



where H33(g^) is the vacuum polarization amplitude taking into account the RS~type corrections, 
more precisely the KK gauge mixing effect [13] : 
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Glf++) {G^qf-+)) is the 5D propagator for the W^,B {Z') KK excitations. (++) ((-+)) indicates 
Neumann (Dirichlet) and Neumann boundary conditions on the Planck-brane and TeV-brane, 
respectively. The massless pole is subtracted from the and B towers. The new mixing angle 
is given by sinO' = g'/gz' with g^, = (f' + g'^, where g and g' are respectively the SU(2)r and 
U(l)x couplings; the coupling g' of the SM U(1)y group reads as g' = gg' jgz'- One deduces 
2sin2 e' = \± v^l - {2g'/gz'Y. 
5^^m\ is the SM one-loop correction |25| : 
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L> = 4 — 2e being the space-time dimension in dimensional regularization and n the 't Hooft 
renormalization scale. For the SM corrections, we restrict to top-quark loops as those constitute 
the dominant EW corrections to productions and decays of a light Higgs boson (nih <^ 2mt). 
Indeed, we will consider Higgs masses below 150 GeV leading to the lowest EWPT limits on Mkk 
as preferred by little hierarchy arguments. 
Similarly, one has, 
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with at first order in l/kirRc 
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Numerically, the SM loop corrections are small compared to the RS tree-level ones, as we are 
going to see. We do not consider higher order corrections involving both loops and KK excitations. 
Hence, the quantities t), g and g' can be determined within given RS scenarios by solving the 
system formed by the three equations: Eq.Q, Eq.Q and Eq.Q. We have checked that the 
computation of the gauge boson masses through Eq.Q-Q is equivalent to their calculation within 
the perturbation approach in the limit of the inclusion of a large number of KK excitations [see 
the description of the KK gauge boson mass matrix in Section IV A . The obtained value for the 
coupling constant g \s g = 0.653 in both the SM and RS models, which means with and without 
the corrections due to KK mixing, g' takes similar values in the SM and RS models: g' = 0.356 and 
g' = 0.357 respectively. The numerical results for v with characteristic values of the parameters 
Mkk and gz' are shown in Table |Tj The motivation for the chosen values of Mkk will become clear 
in Section III The allowed range for the gz' value is defined as follows. The minimum gz' value 
is equal to 2g' ~ 0.72 for consistency reasons about the 9' mixing angle. On the other side, the 
perturbativity condition for the Z' boson coupling is that 2kTTRcg'^iQ\i /IQir"^ must be smaller than 
unity according to the naive dimensional argument [T¥| . The reason being that the effective 4D 
coupling of Z' is increased by a factor as large as \/2TTkRc for fields at the TeV-brane. In general 
even for reproducing the correct top mass, the top quark field is not exactly located on the TeV- 
brane but has only a peaked profile there, so that the real overlap factor should be significantly 
smaller than ^/2k7^Rc■ We will consider the coupling constant constraint gz' < 2y^2TT/kRc ~ 1.57, 
keeping in mind that the new charge Qz' is an additional source for suppressing the Z' coupling 
given e.g. the SU(2)r fermionic representations addressing the A^p^ anomaly |28j . 
The first observation from Table |l] is that the RS induced deviations to the Higgs VEV are large 
compared to the pure SM quantum corrections: the Higgs VEV is at the reference value oi v = 246 
GeV in the SM at tree-level and at vsm = 245 GeV after including the one-loop EW corrections 
in Eq.([7]) for rrit = 173.1 GeV |27j . Because of the negative sign of Hii(O), the variation of the 
Higgs VEV induced in RS is positive as show the v values in Table |l] which are significantly larger 
than Vsm- This increase of the VEV is higher with the reduction of Mkk (e.g. at fixed gz' = 1.57) 
or with the enhancement of gz' is explained by a larger KK gauge mixing effect in Eq.Q-Q-^. 
The increase of the KK mixing with gz' will be clear from the texture of the KK gauge boson mass 
matrix (see Appendix [A|) . 
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A] ruh = 120 GeV, gz' = 1.57 


B] mh = 120 GeV, gz' = 0.72 


C] mfc = 150 GeV, gz' = 1.57 


Mkk = 4025 GeV 


Mkk = 3370 GeV 


Mkk = 4095 GeV 


V = 322 GeV 


V = 257 GeV 


t) = 311 GeV 


5^lz/ffffz = 57.3% 


5^lz/flfl'z = 87.2% 


5^lz/5flS = 60.1% 


9hww/ 9hww — 57.5% 


9hww/9hww = 87.4% 


5^,lH'/5f^i^ = 60.3% 


XRS/xSM = 76.2% 


Af^/Af^ = 95.5% 


XRS/xSM ^ 791% 


AP/Af^ = [71,75]% 


Af«/Af^ = [90,93]% 


Af^/Af^ = [74,78]% 


0^,^ = [77.6,80.8]% 


Of,^ = [96.2,99.1]% 


<Vfff,^ = [80.1,83.3]% 


05^7^ = [74-9,75.1]% 


9^,%/9i^^ = [100.6,100.8]% 


5^7^7/5^71 = [77-1,77.3]% 



TABLE I: Numerical results for the lower limit at 95.45%C.L. on Mkk (from EWPT) and for the Higgs 
boson VEV within the RS scenario, with three characteristic sets of parameters [called A, B and C]. M/k = 
0.11, 0.41 and 0.12 respectively (optimized values leading to the minimum Mkk limits) for the points A, 
B and C. Note that v is obtained for the indicated allowed Mkk value, and reciprocally, the Mkk limit 
corresponds to the given Higgs VEV. For these 3 points, the values for the ratios (RS over SM) of the 
effective Higgs couplings to EW gauge bosons {Z, W, 7), gluons {g) and fermions (r, b) are also given. The 
Yukawa coupling ratios for the other light fermions are identical to the r lepton one given here. 

III. EW PRECISION TESTS 

The mixings with KK gauge boson excitations induce modifications of tlie EW gauge boson 
propagators, the obfique corrections, that can be parametrized by the three 5'Rs,rRs,J7Rs quan- 
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titles yjj (we define those such that they vanish in the absence of KK mixing). Here, we are 
interested in variations of the constraints from considerations on S,T due to the corrections on 
the Higgs VEV. There exist also constraints on the W,Y parameters jlH] [HZ]- Compared to S,T, 
these parameters are proportional to higher derivatives of the vacuum polarization amplitudes, 
involved in higher order terms of the Ilv{q'^) expansion, that are not considered within the present 
RS models. W and Y allow to take into account the relevant LEP2 observables, namely, the 
differential cross sections for e^e~ ff which we already partially include in this analysis: the 
process e'^e~ bb is included in the A^p^ solution above the Z pole studied in Section 



IV A 



The 



corrections to EW observables in the third quark generation sector [b and t] are treated separately 
through a fit independent from the oblique parameters. In contrast, for the light SM fermions, the 
associated parameters Qight are taken larger than 0.5 to generate small masses [H] and to minimize 
their couplings to KK gauge boson excitations (and thus corrections to EW observables). Then 
the fermion-Higgs higher-dimensional operators, obtained after having integrated out heavy KK 
modes, get a special form which allows one to redefine their effects into purely oblique corrections 
|13j . The effects from the effective 4-fermion operators are negligible |13] for cnght > 0.5 and 
Mkk>^ TeV. 

For ciight > 0.5, the oblique parameter S'rs reads as (not writing terms suppressed e.g. by 
l/kirRc factors |13 | 130] which are however included numerically), 

where the first term is the contribution from fermion-Higgs higher-dimensional operators. The 
other term comes from the gauge-Higgs sector and is at order {v /Mkk)^ thus smaller than the 
first one. Here, we insist on the fact that g and g' are the bare coupling constants, that are 



computed as described in Section II B , It was shown recently that the KK mixing induces one-loop 
contributions (considering only the Higgs sector [3l!) to the S parameter which are not finite and 
are cut-off dependent (or depend on an energy scale). The physical ruh dependence in S should 
be approached with care in such a 5D theory as it can be affected by a renormalization procedure. 
Therefore here, given our goal of studying the Higgs VEV correction effect, we do not consider 
higher order corrections to S involving both loops and KK excitations, 
the oblique parameter Trs is given by, 

„„..3 . afi..m - n.(o„ = .... l±f I % {^-^)\ (u, 

where ao = Oi{Q^ = 0) is the QED fine structure constant given e.g. in [32^ and M is the mass 
originating from the small bulk breaking of SU(2)r. This expression has the interest of illustrating 
the custodial protection of Trs- Other scenarios, including in particular the case where SU(2)f(_ 
remains unbroken in the bulk, are discussed later. 

The parameter f/^g is non-vanishing only at the order (v/Mkk)^ in the KK expansion, in contrast 
with 5rs and Trs- Hence, for the relevant values of RS parameters, the C/rs values obtained 
are totally negligible compared to 5'rS) ^rs- We thus fix [/rs at zero in an extremely good 
approximation . 

The corrections to EW observables measured up to the mz scale can be expressed in function of 
the three variables 5'rs,Trs,C/rs (we keep C/rs at this stage for the completeness of given formulas). 
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We concentrate on the experimental measurements of mw, sin^ 0^^* p8] and the partial Z width 
into charged leptons Tu as those are the most precise and crucial in constraining the plan {T, S} 
|32j . The theoretical expression for the observable m^± reads as 



where Tn]Y±\ref represents the value calculated as accurately as possible within the pure SM and s 
(c) stands for sin^^y {cos 6w), Gw being the EW mixing angle. Here we emphasize that the strict 
expression for mv/ involves the bare value of the EW mixing angle Ow- The expression for sin^ 0^^* 
is 

sin^ e'T = sm' e\ref + 5rs - s'c' Trs) . (13) 

The partial Z width reads as, 

J. ^ : ^ ^of 2(l-4sin^go) Srs , , 8(l-4sin2go) .V ]^ \ 

(14) 

with, 

r,°.= ^^(2sin^^o-sin^^o + J). 

sin^o involves the electroweak mixing angle obtained in the improved Born approximation, namely 
by taking into account only the well-known QED running of a up to niz- 

1 



sin^ On = - 
2 



1 



vra 



'V2GFml 



0.2310 



where a = a{q'^ = m\) = ao/(l — Aa) [33] with Aa = Aaiept + Acthad + Aatop, Aa^ept = 0.0315 
|34j and Aatop = —0.00007 |34] . By virtue of the theorem obtained in Ref. [35], only SM fermions 
contribute to the a running and hence to the leptonic contribution Aaiept, the hadronic contribution 
Aafiad and the top quark one Aatop- 

At the moment, there is a small controversy on the precise experimental value of Aahad{fn^z)- This 
value enters in our EWPT analysis through sin'^ 9q as well as through the SM loop calculations of 
the fitted observables (see later). Recent measurements of Aahad [32| via the e'^e~ annihilation 
cross sections give the results 0.02758 ± 0.00035 [36]; 0.027594 ± 0.000219 [57]; 0.02768 ± 0.00022 
[38], whereas the measurement gives Aahad = 0.02782 it 0.00016 using the hadronic r decays 
|39| . The consensus is still to use the e'^e~ data, which are close to each other. We thus use 
Aahad = 0.02768 it 0.00022, keeping in mind that the result from r data is higher. If r data are 
used in the calculation of a^^^ , the muon magnetic anomaly discrepancy decreases (from 3.1cr for 
e"'"e~ -based results [ID]) down to 1.8(T (see recent updates in [391 E])- While almost solving Aa^, 
the r data, which raise the value of Aahad, lead to an EWPT upper bound on nih of 133 GeV 
|39j leaving a narrow window for the SM Higgs mass, given the direct LEP2 lower bound of 114.4 
GeV p[2]. It is interesting to note that such a tension does not appear, within the RS framework, 
where both the EWPT limit can be higher (there is possibly a positive contribution to T) and the 
LEP2 limit smaller [see later]. For example, with Mkk = 4.1 TeV, gz' = 1-51 and M /k = 0.14, 
the EWPT limit at 95%C.L. on ruh is 150 GeV for Aahad = 0.02782. 
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As shows e.g. Eq.(13), the accurate measurements of EW observables translate into hmits in 
the plan Trs versus 5rs- These limits depend on the SM expectation e.g. noted sin^ 6\ref for 
sin^^g^*. In general, the precise predictions of EW observable values calculated within the SM 
from QCD/EW corrections jl3l SH US] depend in turn on the top and Higgs masses as well as on 
the strong coupling constant and the photon vacuum polarization Aa. 

In Fig.Q are presented the limits in the plan {Trsi'S'rs} [for "i/i = 120 GeV] corresponding to 
values of mw = 80.399 ± 0.025 GeV (combined LEP2 and Tevatron Run II data) jSB], T^i = 
83.985 ± 0.086 MeV (single lepton channel) jSl SS] and sin^ ^cfT* within Icr deviation from their 
experimental central value. The experimental value used here for sin'^ 9^^^^ is a combination of the 
5 values resulting from the 5 asymmetry measurements: Ap^{'mz), Ai{Pr), Ae{SLD), Ap^{mz) 
and Qf^ IMlllS]. 

In Fig.([l| are also shown the contour levels in {TrsjS'rs} [n^h = 120; 150 GeV] associated to the 
confidence levels at 68.27%C.L. and 95.45%CL.. Those result from a x'^-analysis of the fit between 
the RS theoretical predictions for the considered observables and their respective experimental 
value. In particular, the 95.45% level corresponds to x^/d-o.f. = 12.85/6. 

The correlation between 5rs and Trs through Mkk, dz' is modified by the new dependence 



of the Higgs VEV {v entering Eq.(10)-(11)) on these parameters and on M/k (via Eq.(|lj)-(|8|). In 
particular, the lower limit at 95.45%C.L., from the global EW fit, on Mkk as a function of M/k 
possesses a minimum depending on gz' and m/j. This feature is illustrated by the fact that, if 
e.g. gz' = 1.57 and ruh = 120 GeV, the lower limit is Mkk = 4025 GeV for M/k = 0.11 |69] 
(theoretical point in black exactly on the 95.45%C.L. contour in the plan {TRs,5'Fi,s} of Fig.([T])) 
whereas it is higher than 4025 GeV for M/k = 0.10 (green point on the 95.45%C.L. contour for 
8000 > Mkk > 4025 GeV) as weh as M/k = 0.13 (red points). The lower hmit on Mkk at 
95.45%C.L. (for an optimized M/k value corresponding to the minimum of that limit) increases 
with V (making S^s and Trs larger) and hence with gz^, as shows Table [l] for m/j = 120 GeV. 
Finally, the effect of the increase of mh on the Mkk limit is an enhancement (as shows Table |l| as 
it shifts the 95.45%C.L. ellipsoidal contour according to Fig.([T|, so that a larger Mkk is required to 
decrease v and directly the Srs coordinate of the theoretical point. Fig.([T| also illustrates that the 
behavior of the theoretical predictions for 5'rs and Trs in the limit of high Mkk is a convergence 
to zero. By consequence, for too large Mkks in the case e.g. nih = 150 GeV, the theoretical 
points go out of the 95.45%C.L. ellipse as this one does not contain the origin. There exist thus 
an upper limit at 95.45%C.L. on Mkk due to EWPT which is Mkk < 4490 GeV for gz' = 1.57, 
M/k = 0.12 (even at this upper limit v = 286 GeV i.e. there is still a significant RS contribution). 

An important result is the impact of the Higgs VEV corrections on the EWPT constraint on 
Mkk- Let us consider for instance the point A of parameter space given in Table |I] and represented 
in Fig.([T]) as the black point sitting on the 95.45%C.-L. limit: replacing now the 'should~be' Higgs 
VEV V = 322 GeV by the SM value vsm = 245 GeV, both the Srs and Trs values are reduced 
and the black point becomes the black star on the plot. To shift this star back to the 95.45%C.L. 
ellipsoidal contour, one can decrease Mkk (at fixed gz' and rrih) which would increase Srs and 
Trs- Indeed, for gz' = 1.57, mh = 120 GeV and the optimized M/k = 0.14, we find numerically 
that the 95.45%C.L. lower hmit is reduced from Mkk = 4025 GeV down to Mkk = 3055 GeV 
if one assumes instead a lower VEV fixed at vsm = 245 GeV. In other words, the increase of the 
VEV due to included RS corrections has to be compensated by an increase of Mkk- In conclusion. 
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FIG. 1: Contour levels in the plan {TrSjS'rs} at 68.27%C.L. and 95A5%C.L. for the fit of uiw, Tu and 
sin^O^^g*^: the two ellipses in dashed-line are for nih = 120 GeV, whereas the blue one in plain-line is 
for rrih = 150 GeV. Also shown, for nih = 120 GeV, are the la bands for the experimental values of the 
considered EW observables. We use the exact results from the two-loop calculations for mw\ref (valid for 
100 GeV <mh<l TeV) gS], Tu\ref (75 GeV < nih < 350 GeV) and sin^ 0\ref (10 GeV < nih < I 
TeV) [45J. The other quantities, on which these SM predictions depend, are fixed at mt — 173.1 ± 1.3 GeV 
(in agreement with the recent Tevatron data !27j), as = 0.1204 ± 0.0009 [Ml HH Hi] . The plot is obtained 
for gz' — 1.57 and [/rs ~ 0. The three red, black, green points are associated to the theoretical predictions 
for the coordinates S'rs,Jrs with M/k — 0.13; 0.11; 0.10 respectively. Those correspond to nih = 120 GeV 
and Mkk = 3980, 4025, 8000 GeV from right to left - as indicated. While the blue point is for -nih = 150 
GeV, Mkk = 4095 GeV and M/k = 0.12, the star corresponds to nih = 120 GeV, Mkk = 4025 GeV and 
M/k = 0.11 but using vsm = 245 GeV (rather than vrs — v = 322 GeV). The cross is located at the origin. 

the obtained significant increase of the Higgs YEV in RS [see the effect by comparing the black 
point and star in Fig.([T])] can lead to a large enhancement of the Mkk lower limit from EWPT, 
for given sets of RS parameters (it never translates into a reduction of the limit). 

IV. HIGGS BOSON PHENOMENOLOGY 

A. Higgs boson couplings 

In order to discuss quantitatively the Higgs boson phenomenology at past, present and future 
high-energy colliders, let us first derive the Higgs couplings within the RS framework. 
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1. Couplings to EW gauge bosons 

After EWSB, the neutral gauge bosons {Z^ and Z') and their KK excitations get masses through 
their coupHngs to the Higgs boson which has a bidoublet structure under the custodial symmetry 
group SU(2)l xSU(2)r. These mass terms can be written, in the 4D Lagrangian including the first 
three KK excitations, as 

^S.ass = ^(^° 4 ••• ^i'^ Zp'>)Ml{Z'^ ZW^ Z'^ ... Z'^^-^^f 



where the squared mass matrix TWq is given in Eq.(A.l). Numerically, we indeed include the KK 
tower up to the third excitations Z^^) and Z^'(^) (included). This effective truncation of the tower 
induces an error of less than the percent on the hW couplings computed in this section. Similarly, 



the charged gauge bosons (VF^ and VF^) get KK-type and VEV-induced masses (c./. Eq.(A.2)): 

The mass matrix A^q is diagonalized by a 7 x 7 unitary matrix U, via the basis transformation 
(Z, Z2 ...r= [/(ZO Z« Z; ...T: 

M'l = UMlU^ = diag (m|,m|i,...,m|e), (15) 

mz having to be associated with the experimental value for the Z boson mass (the unitary matrix 
is chosen such that mz < mz^ < mz2 <■■■)■ The Z^ and Z^ [i = 1 , 2, . . . ] components are the mass 
eigenstates. The mass matrix is diagonalized by a 7 x 7 unitary matrix V through, 

M'l = V MlV^ = diag (m2^,m^i,...,m2^6). (16) 

The values of u, g and g' are obtained by solving the system formed by Eq.([7]) and Eq(15)-(16) 
[first eigenvalue]. The v values obtained that way do not differ significantly from the ones derived 



using the method developed in Section JIB From the obtained values of v, g, g' , one can now 
deduce the rotation matrices U and V needed to compute the couplings. 

In the weak basis, the 4D Higgs couplings to neutral gauge bosons are then 

>c^oupiing= 5(4 4'^ 4 ••• ^i"^ zf))c,{z'^ z«^ z"^ ... z(=')^ z'^^)n^ 



the matrix Cq being given in Eq.(B.l). For the charged gauge bosons [c.f. Eq.(B.3|] 



^coupiing= 2^ (M^/^ W+^^^ ... VF+(3)) C± (T^-'^ VF"^ ... W~^'^^^' W~^^^^'f . 

Moving to the mass basis, the neutral gauge boson interactions are described by the Lagrangian: 

^C'coupiing = 4 4 •••)C'o(^^ Z^^^ Z^A' ...)^, where, Co = U . (17) 

Similarly, 

^'coupling = 2^(^M K K ■■■)C'±{W^ W^^ Ty2M ...)^, with,C'± = FC±V-t.(i8) 

Therefore, the hZZ and hWW effective dimensionful coupling constants calculated within the RS 
framework are respectively the (1, l)-matrix elements: g^§z ~ {C'o\n)/v and g^^r^r = 2 {C'±\n)/v. 
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In contrast, within the pure SM case, the Higgs couphng constants are ~ ({^^ ~^ 9''^^'^'smI^~^ 



6^^ghZz)/vsM and ^hVFVK = ^ ig'^vlj^/4: + 6^^ghww)/vsM where g,g' are calculated from Eq.Q- 
Q, of course without the RS corrections, and the (5's parts represent the SM loop corrections [given 



in Eq.(B.2)-(B.4)]. 



The obtained values of the ratios g^vv/dhvv ^^'^ given in Table |l] for three characteristic points 
of the parameter space. These parameter sets respect the EWPT constraints. In particular, 
the Higgs boson VEV's v corresponding to these sets, and involved in g^yy, lead to 5rs and 
2rs values within the 95.45%C.L. contour levels. The obtained Z and W coupling strengths are 
nearly identical because of the approximate custodial symmetry. The first conclusion about these 
numerical results is that the RS corrections of the Higgs boson couplings to EW gauge bosons can 
be quite strong. Secondly, the given v values in the same table show that the role of the Higgs 
VEV modification in the RS corrections to gnw is major. For the example of point A, the total 
relative correction on the Higgs coupling to Z is of Sghzz/ghzz = {gtzz " 9hzz)/9hfz = -42.7% 
and an included correction of —23.9% is explained by the VEV: assuming only a variation in the 
denominator through the VEV (both RS and SM couplings are inversely proportional to the Higgs 
VEV) , the correction is indeed Sghzz / ghzz = ^sm /v — 1. The numbers in Table |l] confirm that 
9^zz S^ts more suppression w.r.t. SM as v increase. The remaining part of the whole negative 
RS correction to gtzz comes from the direct KK gauge boson mixing effect on the Higgs coupling 
(numerator part). The gf^§z suppression is more effective for a larger KK gauge mixing effect 
on the coupling [i.e. larger gz' or smaller Mkk] as illustrated in the same table and Fig.Q. In 
Fig.Q, we plot the ratio gh^zz/9hzz parameters respecting the EWPT constraints (sets A 

and B of Table |l] with larger Mkks). It shows that RS corrections to the hVV vertex remain 
important in wide regions of the allowed parameter space. 



ghZZ 



RS 



^hZZ' 



SM 



l.Or 

0.9 

0.8 

0.7 

0.6 

0.5 



0.4 1 

2000 



gZ' 




gZ' =1.57 



4000 



6000 



8000 



10000 



MKK(GeV) 



FIG. 2: Value of the Higgs-ZZ coupling ratio dhzzl 9^z ^ ^ function of Mkk [in GeV] for gz' = 0.72 and 
1.57. The two minimum values of Mkk, where the curves stop respectively, are equal to the Mkk lower 
limits from EWPT obtained with rrih = 120 GeV (points A and B of Table |l|. 
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2. Yukawa couplings 



Yukawa couplings with KK mixings: The fermions mass matrices need to be studied as the 
Yukawa couphngs induce mixing with the KK excitations. Moreover, the Yukawa terms have 
to take an invariant form under the custodial symmetry as the Higgs field is embedded into a 
bidoublet of the SU(2)l x SU(2)r gauge symmetry. As a consequence, fermions are promoted to 
higher gauge multiplets, the simplest realization being the right-handed fermion singlets promoted 
to SU(2)r isodoublets, and new exotic quarks are expected. Since the SU(2)pi, symmetry is broken 
by boundary conditions, these exotic quarks have ( — h) boundary conditions (BC), so that those 
have no zero-mode, in contrast with the SM fermions which have (+- 1-) BC. Therefore, the first KK 
excitation of those exotic quarks can be relatively low depending on the value of the c/ parameter. 

Defining Aij as the mass matrix of a specific chiral fermion in the interaction basis 

(see e.g. Appendix [C| , this matrix can be diagonalized by unitary matrices C^l/h, through the 
transformation ^'^^^ = Ulir^lir : 

M'f = ULMfUl = diag {mf^,mf^,...) (19) 

where m/^ corresponds to the measured value of the SM fermion mass (the unitary matrices being 
defined such that m/^ < m/j < •••)• The ^'j^/ji components are the mass eigenstates. Then, the 
Higgs couplings are given by the interaction Lagrangian 

Cint = ^^'LC'f'^'R + ll.C. (20) 

where = ULCfUj^ with Cj being the same matrix as Aij but with the KK masses set to zero 
(see for instance Appendix [D|. Hence, the 4D effective Higgs coupling to an eigenstate fi (i.e. 
a component of ^') is given by A^^^ = {C'jr\ii)/v in contrast to the usual mj/vsM Yukawa value 
within the SM. 



Light fermion sector: For light fermions (other than the h- and t-quarks), the Cnght pa- 
rameters controlling each fermion multiplet localization along the fifth dimension need to be 
higher than 0.5 in order to reproduce the correct set of masses. As a consequence, wave function 
overlaps between light modes, and their KK excitations or exotic KK partners, induce negligible 
mixings (of order {mf /Mkk)'^) over the zero mode contribution. Hence, one can safely neglect 
the KK fermion contributions, inducing a 4D effective Yukawa coupling for light fermions being 

In the end, the deviation of the Yukawa coupling in the RS scenario with respect to the SM for 



light fermions simplifies to the deviation of the Higgs boson VEV determined in Section II B It 
gives: 

\RS 

~ , for every light fermions (other than the b- and t-quarks). (21) 



Third quark generation sector: What differs greatly between the light fermion sector and 
the third quark generation sector is the Ch^t parameters controlling the bottom/top localization. 
Indeed, in order to reproduce the top and bottom masses, one needs Cb^t parameters smaller than 
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0.5. Having so, in particular, the wave function overlaps between the zero-modes and their KK 
excitations over the Higgs field on the TeV-brane can become quite large, inducing possibly large 
KK mixing effects in the Yukawa couplings. 

The KK mixing depends on the mass matrix and hence on the quark representations under the 
gauge symmetry. In the sector of third generation quarks, the crucial EW constraints come from 
the precise measurements of the observables A^p^ and Ri, (ratio of the partial decay width into bb 
for the boson). To be complete in our study of the Higgs boson phenomenology with regard to 
all the EWPT constraints, we will follow the previous work |28] where we have determined quark 
representations able to address the A^p^ anomaly (i.e. improve significantly the global fit of Rh 
and the A^p^ values at the Z'^ pole and outside resonance). Doing so, we consider the proposed 
choice of multiplets under the SU(2)l x SU(2)i^ x U(l)x group for the bottom and top quarks: 

{Q,,} ^ (2, 2),/3 = ( ^ ) m - (1, 3)2/3 = ( <?^^/3)« t^n ) 

= (2, 3)_5/6 = I ^ ^J-'/'^'' I {h\} ^ (1, 2)_5/6 = ( b\ q^^i^^^ ) (22) 

\ ^2L 9(_4/3)L 9(_7/3)L / 

where the left bottom and top SM-like multiplets arise from a mixing mechanism between the two 
above left-handed multiplets (parametrized by a mixing angle 0) [70^ . The heavy quarks indicated 
with one or several primes (and an electric charge) are the mentioned fields with ( — h) BC [the 
so-called 'custodians']. For the rest of the paper, all numerical values are based on this quark 
model. 

In the field basis ^\ ^ {bf ,bf ,bf\}i'^'-\}if^)\ ^ {bf\b^^,hf\}yf\}yf^)' where we 
have introduced the charge conjugated fields (indicated by the superscript c) in order to use only 
left-handed SM fields, the effective 4D bottom quark mass matrix and Yukawa coupling matrix 
induced by EWSB are given in Appendix [C] and |D} Similar structure can be found for the top 
quark mass and Yukawa coupling matrices. 



Parameter space: Our choice of parameters in order to derive the deviation of the Yukawa 
couplings relies on a few considerations we discuss now. 

First, numerically we consider only the first two fermionic custodian excitations, which gives 
rise to heaviest eigenvalues of j around ^ IMkk in agreement with the NDA estimation of 
the cut-off scale of the effective field theory related to the perturbativity of Yukawa couplings: 
kiR ~ IMkk- 

Secondly, in order to derive the correct value of Yukawa couplings in the RS model, we need 
to implement in Eq.(19) the good value of the relevant fermion mass mj^ and the exact unitary 
matrices Uj^jr. In particular, the whole b- and t-quark mixings with the first two quark families 
are treated effectively through the parameters g™^*"'^ appearing in front of the first element of 
the mass matrices Mh,t (see Appendix [C]). As the Cabibbo-Kobayashi-Maskawa (CKM) quark 
mixing matrix Vckm = u^jj'j^^^'^ is close to unity, the simplest case corresponds to both rotation 
matrices for up and down fields being also close to unity. We thus estimate g™^*"'^ roughly 
of order cos0i2cos0i3 ~ cos0i2cos^23 ~ 0.97 where 9ij are the CKM mixing angles encoding 
its hierarchical structure. We then use the allowed range = [0.95, 1.05] for the numerical 



16 



analysis. 

A more important effect comes from the mass running and is also implemented into €b,t = 
^mixing ^ ^runnmg ^ The parameters Cb^t s-iid the dimensionful Yukawa coupling constants A^^, 
entering A4b,t, are parameters appearing in the 5D Lagrangian and have thus to be considered 
e.g. at the effective 5D scale. Then, one has to consider the running of quark masses from Mkk 
typically down to the EWSB scale Aew ~ i^z where the EWPT and light Higgs phenomenology 
are studied in the present paper. The approximate effect of such a running can be estimated from 
the mass values at the two extreme scales: 

mbimz) = [2.8,3.0]GeV, mfc(lOTeV) = [2.1,2.3]GeV 
mtimz) = [168, 180]GeV, mt(lOTeV) = [140, 148]GeV 

where we have used the SM one loop renormalization group equations |52j to run the quark masses 
given in Ref. |53] from the scale mz to 10 TeV. At that point, one can neglect KK loop contributions 
to the running which would correspond to higher order corrections. The running reduces at most 
the quark masses by about 21%-42% (13%-28%) for the bottom (top) mass and is taken into 
account through the considered allowed range for the whole factors eb,t- 

€6 = [1.15,1.45] , et = [1.10,1.35]. 

Anyway, the precise variation of the ebt value has no important effects on the final Yukawa 



coupling, as the rotation matrices ?7^/_R ™ Eq.(19) are systematically such that the smallest mass 



eigenvalue is equal to mj-^^, namely the measured fermion mass. Nevertheless, for completeness, 
we include these small possible variations of Cb^t- Those lead to several possible values of the 
parameters Cb^t, and the mixing angle 9 which reproduce the correct mb{mz), mt{mz) and 
address the A^p^ anomaly [the solution is fixed hy M.b which determines mixings . 

Here we are clearly thinking for a given value of Mkk which also enters Mb,t through the 
dependencies of KK fermion masses. Once all parameters are fixed, the Yukawa couplings are 



extracted through the method given in Eq.(20). 



Results and discussion: The obtained values of the ratios A^^/A^^ are given in Table |l] 
for three characteristic points of the parameter space respecting the EWPT constraints in the 
light fermion and gauge boson sector. For these three fixed values of Mkk, the parameters Cb^t, 
and 9 are varied as described above according to mb,t{rnz) and A^p^. Those variations give 
rise to a certain range of 4D Yukawa coupling constants, for which the extremal values are given 
in Table m 

The first conclusion about these numerical results is that the RS corrections of the Higgs cou- 
plings to fermions can be quite strong as was the case for the Higgs coupling to the EW gauge 
bosons (up to —23.8% for the example of point A). However, in contrast with the EW gauge boson 
couplings, comparing here RS corrections to the b- and t-quarks with light fermions, the table 
shows that the role of the Higgs VEV modification in the RS corrections to Xb^t is major in regard 
of KK mixing effects. At the same time, one can see that the KK mixing corrections also tend to 
decrease the coupling of the Higgs boson to a few more percents (up to —5.5% for the example of 
point B) which is what one can naively expect: for a given fermion mass value, the higher the KK 
mixing component is, the lower the Yukawa coupling is ('direct' mass contribution). 
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3. Effective coupling to gluons 



Gluon fusion in the SM: The dominant production mode of the SM Higgs boson at the LHC 
is the reaction gg ^ h called the gluon-gluon fusion mechanism and mediated by triangular loops 
of SM quarks (noted as Q's here), as illustrated in Fig. In the SM, mainly heavy quarks, 

namely the top quark and to a lesser extent the bottom quark, contribute to the amplitude. The 
decreasing Higgs form factor with rising loop mass is counterbalanced by the linear growth of the 
Higgs coupling with the quark mass (Yukawa coupling). 



h 



KK 



liLQ-Q-QJI/ 9 



FIG. 3: Feynman diagram for the loop-induced Higgs-gluon-gluon vertex. KK represents the exchanged 
zero-modes and KK towers of quarks. 



To lowest order, the partonic cross section reads as 



(23) 



and it must be multiplied by 5{s — mf^) where s is the gg invariant energy squared. The form factor 
for spin-^ particles is given by |33] : 



4/2(T) = ;^[T + (r-l)/(T)]r-2, where /(r) 
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In 



arcsm -^r 

l + Vl-T-l 
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(24) 



The form factor Ay^{TQ) with tq = mf^/AmQ is normalized such that for nih ^ mq, it reaches 
unity while it approaches zero in the chiral limit mq 0. 



The g^gg coupling: We now extend this result to the RS scenario. First, new loop con- 
tributions appear from the various KK excitations of usual SM quarks q, and the ones coming from 
possible exotic quarks q' with ( — h) or (H — ) BC, extending the sum in Eq.(23) as a consequence 
over all possible KK quarks coupled to the Higgs field (see Fig. Q on the effective hgg coupling). 
Secondly, the decrease in the Yukawa couplings evaluated in previous section will tend to reduce 
the hgg effective coupling through the hqq vertex appearing in the loop. In contrast, the gqq 
{gq'q') vertex couples universally all (KK) quarks with SM-like strength, due to the flat profile of 
the gluon fields along the fifth dimension. 

Within this setup the production cross section is simply generalized to: 



RS 



5767rw|^ 



^ rrin 



{<?} 



{?'} 



(25) 
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since e.g. A^^/A^^ = X^^vsm /nT-q- The sum over {q} includes all SM quarks and their KK partner 
towers, whereas the sum over {q'} includes all possible custodian quarks of KK type depending 
on the model under consideration. A^*^ i^^^) denotes the Yukawa coupling of the corresponding 
quark q {q') to the Higgs field in the mass eigenbasis. mg {rriqi) is the mass of the corresponding 
quark q {q') running in the loop. 

It is convenient to consider the ratio Tl-hgg = "^ft^/cf^ of t^is gg ^ h cross sections in the RS 
and SM models which can be rewritten, 



n 



hgg 



(26) 



Then the higher order QCD corrections, which are known to be rather large [5l], are essentially 
the same for all quark species and, thus, drop in this ratio. From this ratio, one can also deduce 
the effective hgg loop-coupling deviation from the SM prediction by the straightforward relation: 



„RS 
9h 



99 



SM 



99- 



(27) 
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We can use the formulas demonstrated in Appendix |E| more precisely Eq.(E.7) and Eq.(E.8|, 

1/2 

in order to simplify our expression. The ratio TZJ then simplifies to: 



„SM 
^hgg 



VSM 



hgg 

RS . 



1 + ^ 



■[4/2(^q)-1] 



(28) 



where the sum appearing in the numerator has been reduced to the SM quarks only. It is a 
remarkable feature that the contributions coming from all KK partners simplify to properties over 
the corresponding zero-mode. In the case of exotic quarks, the contribution vanishes due to the 
absence of zero-mode, even if these new quarks do couple to the Higgs field. 

For light quarks, ^^^gC'^'Q) ~^ quickly and the ratio Ag^/mg — > l/t; as can be deduced from 



1/2 

Eq.(21 ). Hence, their contributions to T^^gg tend to vanish as was already the case in the SM. 



For heavy fermions {b- and i-quarks), overlaps between the zero-mode profile and KK wave 
functions can be quite large, as we have seen in the previous section, so that Xq^/mQ 1/v. 
Besides, considering light Higgs masses of 120 GeV and 150 GeV, one check numerically that 

I as a first approximation, relatively to |j4^y2(''"t)l — 1-05. 
In the end, the deviation in the coupling simply reads: 

2 - Xb{l - Ab) - xt{l - At) 



1^1/2 



RS 
Shgg 

^hgg 

^wo(tq) and XQ = 



VSM 



Ab + At 



(29) 



where Aq = Ay^{TQ) and xq = vXq^ /mq. Note that xq G [0, 1]. The limit xq ^ 1 corresponds 
to the pure Higgs mass case when there is no mixing between the fermion zero-mode and its KK 
partners, xq tends to decrease as this mixing gets stronger. For a light Higgs mass, so that 
m^/4m^ <C 1, in the limit where l^^ygC"^*)! ~^ ^ and neglecting the bottom quark contribution: 
|Aj'y2(Tb)| — > 0, our relation gets the following really simple structure. 
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(30) 
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We present this final approximated relation to help the reader in getting an intuition on the main 



behavior of RS corrections to the Higgs coupling, but numerically, the complete formula (29) is 



used. As discussed in part II B vsm < v, systematically, which tends to reduce the production 
cross section of the Higgs field at LHC. This consequence is simply due to the fact that for a 
higher value of the Higgs VEV, one needs a smaller value of the Yukawa coupling to reproduce 



a given fermion mass. The second term in Eq.(30) is less trivial and encodes the whole b- and 



t-quark KK towers contribution minus the pure 6-quark contribution. This contribution increases 
the deviation of the gf^^^ w.r.t. gf^^ as the mixing between the bottom zero-mode with its KK 
excitations grows. On the contrary, when Xj, decreases, the contribution from the bottom KK 
quarks becomes more and more crucial to the hgg coupling. 



Results and discussion: We have derived the values of the ratio g^qq/gf^ from Eq.(29) 



and given them in Table |T] for the same characteristic points of parameter space respecting 
all EWPT constraints (including the A^p^ solution). The allowed variations of fundamental 
parameters give rise to some intervals of values for the Yukawa couplings and masses of the 
KK fermion towers. Based on those intervals, we have determined the maximum and minimum 
amplitudes for the loop-induced observable dh'gg/dh^g- 

Once more, we remark that the RS corrections to the effective Higgs boson coupling to two 
gluons are possibly quite strong (up to —22.4% for point A). Furthermore, comparing these RS 



corrections (obeying Eq. ( 30 ) in a good approximation) with the case of light fermion coupling to the 



Higgs boson (c./. Eq.(21 )), one concludes again on the major role of the Higgs VEV modification. 



Simultaneously, one can see that the KK mixing corrections combined with the new contributions 



from exchanges of KK states in the loop [synthesized in the (2 — x^) factor effect on Eq.(30)] tend 
to counter the effect of the Higgs VEV deviation, but at a smaller rate. 



4- Effective coupling to photons 

77 channel in the SM: For low Higgs masses, the dominant decay mode /i — > 66 is swamped by 
a large QCD background and the Higgs boson can be searched for through more promising loop- 
induced decays. The decay channel into two photons is the most important one and is mediated 
by triangular loops of charged fermions as well as massive vector bosons: see Fig. (Q. 




FIG. 4: Feynman diagrams for the loop-induced Higgs-photon-photon vertex. KK stands for the exchanged 
zero-modes and KK towers of W gauge boson [left] or fermions [right] . 
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The decay width of the Higgs in two photons reads [33j 



2 S 

2567r3u|^ 



(31) 



where Nc is the number of color states (3 for quarks, 1 for leptons) and Qj is the electric charge 



of the fermion in the loop. The form factor for spin-1/2 particles, ^^2^ is the one from Eq.(24), 
and the form factor for spin-1 particles is given by: 

A^{t) = -[2r2 + 3r + 3(2r - l)/(r)]T-2. (32) 

The form factor A^^Ty) with ry = mf^/Arriy is defined such that for large masses of the boson in 
the loop, rrih <C my, it reaches A'Ktv ^ 0) = —7. 



The gf^^ coupling: Here we extend this result to RS case. This extension is similar to 



the one of the gluon fusion mechanism from previous section. New loop contributions appear 
from the various exchanged KK excitations of usual SM fermions, the exchanged custodians, 
but also the exchanged KK EW gauge bosons (see in Fig. Q the diagram for the induced h"fj 
vertex). We have to take into account as well the deviations in the Yukawa couplings and in the 
Higgs coupling to the W boson. Finally, the //7, like the WW'j, vertex couples with an SM-like 
universal strength all fermion excitations, respectively all W bosons of the tower, due to the flat 
wave function of the electromagnetic field. The decay width becomes thus, 
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(33) 



as 9w^/9m^w = 5vynU5M/2m^„ with = gf^„^^^n = 2(C'±|„„)/{i, following the notations of 
Section |IVA1| We recall that mvyn denotes the physical W state eigenmasses and we mention 
that the KK sum over n includes the zero-mode, namely the observed W boson. 
We still consider the ratio 7^/177 
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from which one can deduce the /177 coupling deviation, 
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Combining now the formulas derived in Appendix [E] and Appendix |F] one easily find in a similar 
way for the bosonic part: 
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i'/i77 
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f - ^xwiAw + 7) + Xb(l - Ab) + 4x^(1 - At) 



Aw + Ab + 4At 



(36) 



with xw = vg^y^^ /Imy^. Similarly to the case of gluon fusion Higgs production, contributions 
from light quarks and charged leptons vanish, whereas the KK tower contributions for the W 
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boson, quarks and charged leptons can be rewritten leaving only in the formula the explicit 
dependence on the W boson, bottom and top quark zero-modes. 

Results and discussion: The extremal values of (7)^^/(7^^^ are also shown in Table |l| 
The xw,b,t values were obtained as discussed in previous sections. Due to the additional W mode 
effects, the deviation of this effective coupling can reach higher RS corrections (up to —25.1% e.g. 
with point A) than Qhgg- The principal RS deviation comes again from the modified value of the 
Higgs field VEV which is a general result of the present work. 



B. The Higgs boson at colliders 

1. LEP2 

The four LEP cohaborations (ALEPH, DELPHI, L3 and OPAL) have used the collected e+e" 
collision data at center-of-mass energies between 91 GeV and 210 GeV to search for the Higgs boson 
through the Higgs-strahlung production mechanism e"^e^ Zh |i55]. By exploring the main hb 
and T~^T~ channels, an upper limit at 95%C.L. has been put on the products of normalized generic 
squared couplings and branching ratios: {OhZZ / gf^z)'^ ^ ~^ ^^"^ {OhZZ / Q^z)^ ^ ~^ 
T^T^) for Higgs masses between 10 GeV and 120 GeV. Our point C at rrih = 150 GeV is thus not 
excluded by this 2D constraint. It is also the case for points A and B at = 120 GeV which 
correspond to RS values of the products of normalized squared couplings and branching ratios 
smaller than unity (in both channels) since {o^z z I dfizz)'^ < 1 as we have shown. 

Furthermore, assuming even a lighter Higgs boson of say ~ 99 GeV [see next paragraph for 
motivations of this precise choice] is still allowed within the RS scenario. First, such a Higgs mass 
is allowed at 95%C.L. by EWPT together with e.g. gz' = 1.57, Mkk = 3985 GeV and M/k = 0.09 
(in this section, we will discuss this new set of parameters denoted as the point D). Secondly, this 
Higgs mass satisfies the lower bound coming from the considerations on the vacuum stability [33]. 
Finally, the above LEP2 upper constraints from both channels at rrih ~ 99 GeV are also respected 
for the point D, in contrast with the SM, as then {dhzzl d^z)"^ ~ ^-^^ much smaller than one 
so that the Higgs production rate is sufficiently reduced. Interestingly, such a light Higgs boson 
would be difficult to discover at LHC, and the high precision performances of e^e~ linear colliders 
would probably be needed. 

The combined data of the four LEP collaborations result in an excess of events at 2.3 standard 
deviations in the Z + h' s channel [55j. We claim that it can be nicely fitted by a light Higgs boson 
of ~ 99 GeV produced within the RS scenario and decaying into bb. Indeed, for the point D, we 
obtain v = 337 GeV and the value {Ohzzl df^z)"^ ^ B^^{h bb) ~ 0.231 which is (smaller but) 
close to the observed limit of ~ 0.236. This correct value of the product is reached within RS thanks 
to the suppression of Qhzz and to the precise amount of B{h — > bb). The amount of B(h bb) 
is fixed by the 4D effective 6-quark Yukawa couplings, and hence by its wave functions along the 
fifth dimension, Mkk as well as the 5D Yukawa coupling constants. In turn e.g. the 6-quark 
Yukawa couplings determine the b mixing with its KK excitations, and thus the ^^^^ prediction. 
The point D is chosen such that it corresponds to certain 6-quark wave functions giving rise to 
the 4D Yukawa coupling (A^^/A^^ = 0.70) which simultaneously gives the wanted B{h — > 66) and 



22 



^F_B [+ fTT'b.t] values. We thus underline the non-trivial result that the RS model can both 
address the LEPl-2 anomaly on A^'p^ and explain the LEP2 excess of Z + b's events, with common 
sets of fundamental parameters in the 6-quark sector in particular. 



2. Tevatron Run II 

Based on collected data at ^/s = 1.96 TeV with C = 0.9 — 4.2 fb~^, the combined CDF and DO 
analyzes allow to put upper limits at 95%C.L. on the rates of Higgs production (and decays) for 
100 GeV < rufi < 200 GeV [56]. Both experiments have performed dedicated searches in different 
channels. At high mass, like for our point at nih = 150 GeV, all the sensitivity comes from the 
channel gg ^ h ^ WW. Within the RS scenario (point C), this Higgs rate has a reduction, 
relatively to the SM, in the interval: 

5[ay,B{h ^ WW)] _ B^'Hh ^ WW) 
a,B{h WW) - ^ i?SM(/, ^ WW) - ^ - t-^^-^' -^^-"l (^^^ 

and B'^^ih WW)lB'^^{h WW) is found to be in the range [0.85,0.88] (including pure SM 
radiative corrections only). This is obtained for the ranges of values for the Higgs couplings and for 
the ratio a^^laf^ = {gf%l gf^g)"^ taken from Table |l| The EWPT constraints are thus satisfied. 
In conclusion, for the point C, the Higgs rate is below the rate for the SM case which is itself well 
under the exclusion limit [56^ so that the considered Higgs mass of 150 GeV is clearly allowed by 
the Tevatron constraints. 

Similarly, the RS points A and B are clearly permitted by these Tevatron limits. For = 120 
GeV, the dominant Higgs discovery channel is qq Wh — > Ivbb. For example with the parameter 
set A, the reduction of this Higgs rate is 6[awhB{h bb)]/awhB{h — > bb) = [—66.4,-65.1]% as 
'^Wh/'^wi = ia^ww/alwwf = 0-33 and the B^'^ih ^ bb)/B^^{h ^ 66) ratio is inside [1.01, 1.05] 
(c./. Table The reductions of the other channels w.r.t. SM are 5[azhB{h — > bb)]/azhB{h — > 
66) = [-66.6,-65.3]%, 6[ahB{h WW)]/ahB{h WW) = [-62.7,-56.5]% and 6[ahB{h 
tt)]/ ahB{h — > rr) = [-34.9,-24.2]%. Therefore, once more, for point A, all the Higgs rates are 
below the rates in the SM being themselves under the exclusion limit at 95%C.L. [56j so that the 
other considered Higgs mass of 120 GeV is also allowed by the recent Tevatron data. 

In the pure SM, these Tevatron results exclude the range 160 GeV < rrih < 170 GeV at the 
95%C.L. [56]. To reconsider this mass exclusion within the RS case, one should compute the 
EWPT limits at the various experimental points in this Higgs mass interval and then calculate 
precisely the corrections to Higgs rates. The Higgs rates within the RS scenario depend on the 
chosen parameter values. In particular for the minimum Mkk values allowed by EWPT, the Higgs 
rates in RS are expected to be decreased by more than ~ 30% w.r.t. SM at mh = 165 GeV [given 



the numerical result in Eq.(37) for the close mass m/j = 150 GeV] so that these rates reach regions 
allowed by Tevatron constraints in the range 160 GeV < mh < 170 GeV, making such Higgs masses 
realistic again. 
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3. LHC 

Higgs boson search: The large deviations to the gluon-gluon fusion mechanism (producing 
the Higgs boson) and to the couphngs (fixing its branching ratios) can affect the Higgs search 
at the Large Hadron Cohider (LHC). For instance with a SM Higgs mass of 150 GeV, the sig- 
nificance predicted by the ATLAS cohaboration is at ~ 12.5 with a center-of-mass energy of 14 
TeV and an integrated luminosity of £ = 10 fb~^ [48 . The significance is defined typically as 
S = crf^ Cesig / \/ (T})ack^^hack in the narrow-width approximation [still valid when incorporat- 
ing the RS corrections in the low/intermediate Higgs mass range] where egig (eback) includes the 
experimental efficiency for the signal (background), a^^^ is the cross section for the Higgs produc- 
tion process within the SM, B^^^ its branching ratios and aback the background cross section. The 
main Higgs production process is the gluon-gluon fusion mechanism, its considered decay channel 
is /i — > VV and the dominant background is the EW gauge boson production. Moving to the RS 
case, the significance would vary according to 

5S 6[a,B,] _ gf Bf^ 

S auBn af^Bf^ ^''''^ 

The background is assumed to be identical since the deviations of gauge boson couplings have 
severe constraints from EWPT. We do not include in our discussion the dependence of experimental 
efficiencies on rates and channels. For instance with the point C of Table [l] Eq.(38) gives 5S/S 



between 44% and 39% since B^^{h VV)/B^^{h VV) lies in the interval [0.85,0.87]. 

This result is based on range of values for the various Higgs couplings and /af^ = {ghgg/ g^gY 
taken in Table |l] so that the EWPT constraints are well respected. We end up with a significance 
between 5rs = 5(1 + 5S/S) ~ 12.5(1 - 0.44) = 7.0 and cSrs ~ 12.5(1 - 0.39) = 7.6 so that the 
Higgs discovery at 5(T remains possible within RS, even if the significance is greatly reduced. 

Initially, the LHC is expected to run at a lower center-of-mass energy of ^/s = 10 TeV at which 
production rates are reduced by about a factor of two (from those at y/s = 14 TeV) f50] . Assuming 
such an energy, 6S/S ~ {a^^ B^^) / {^/2af^ Bf^) — 1 and the significance would further decrease 
down to 5rs — 4.8 — 5. 3 at £ = 10 fb~^ rendering a Higgs boson discovery even more challenging 
|71j . In the SM, much lower luminosities are required at 10 TeV for detecting a Higgs boson of 150 
GeV (see preliminary studies from both CMS and ATLAS |51j). 

The present results yield indicative estimates of the LHC sensitivity for a chosen point of the 
RS parameter space. Clearly, for a larger Mkk e.g. the suppression of ah would be soften making 
the Higgs boson search easier. 

RS signature search: From the argumentation developed in Appendix [G] we have ob- 
tained the condition for having a 68% probability to observe at least a Icr deviation (relatively to 
the experimental uncertainty), due to RS effects, between the SM prediction for a certain quantity 
QsM and its measured central value. Applying this condition (Eq.( G.5] )) to the product of Higgs 
production and decay rates ahB^, we get, 

(^hBhhs ^ 1 - 6[ahBh\/ahBh 
CThBhlsM 1 + 5[ahBh]/ahBh' 

where for 5[ahBh) / ahB^ we take the relative experimental accuracy according to the prospects at 
LHC in the measurement of rates for specific individual channels (with J Cdt = 30 fb~^ as could 
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be collected after several years of run) For example, considering the point C of parameter 

space as above, we find that this condition is fulfilled for the five channels [combining all theoretical 
predictions and experimental sensitivities]: 

= [0.30,0.32] < l^H^ = 0.76 
^ ' ^ 1 + 0.13 
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[0.55,0.60] <^^^= 0.78 

-(l1^Wh)\Rs Bih^WW)\Rs _ 31 32] < 1^ - 40 (40) 
a{qq - Wh)\sM B{h - W)|sm " ^^-"^^'^-^^J < 1+0.42 " ^'^^ ^^"^ 

(T{qq hqq) being the cross section for the Weak Boson Fusion (WBF) mechanism. Taking the 
ratio of squared amplitudes allow to include implicitly the SM loop corrections and the calculated 
branching ratios also include those corrections. The cross sections for the WBF mechanism, the 
Wh production and the gluon-gluon fusion process are all significantly reduced w.r.t. SM due to 
the large decrease of the effective couplings Qhw and g^gg within RS (studied in Table [l]). The 
branching ratio for the decay channel h — > VV is also reduced in RS since ghw is more reduced 
than the bottom Yukawa coupling A;, (as discussed above) and the two channels h — > VV* ,h — > bb 



dominate for mh = 150 GeV. By the way, the variations of the values given in Eq.(40| are due 



in particular to the variation of given in Table |l| The significant reductions of the cross 



sections and branching ratios appearing in Eq.(40) together with the expected LHC performances 



on 6[ahBh\/ahBh allow to satisfy the condition (39), or in other words make the RS corrections 



visible at LHC. For instance with the first channel, the condition for having a 95% probability to 
observe at least a 2a deviation, due to RS effects, is even fulfilled: 

crjqq ^ hqq)\ns B{h ^ WW)\rs _ ^ on n -.91 ^ ^ " ^ >< ""^^ _ 
a{qq - hqq)\sM B{h ^ W)|sm " ^^-^^'^'^'J < 1 + 2 x 0.13 " ^"'^ 

In conclusion, the possibly large RS corrections to the Higgs couplings induce deviations w.r.t. 
SM of the Higgs production and decay rates which could be detected at LHC. It means that the 
existence of extra dimensions, and more particularly of the RS model, could be probed at the LHC 
via investigations on the Higgs sector only. 

The above conclusion is true for the effective Higgs couplings to gluons and to W, Z bosons. In 
contrast, although the RS corrections to the effective h'j'j coupling can also be large, those cannot 
be individually tested at LHC for f Cdt = 30 fb~^. This is due to the smallness of the branching 
B{h 'j'j) which degrades the experimental sensitivity on the 77 channel. As a matter of fact, 
let us consider the mass mh = 120 GeV at which the promising CMS sensitivity to this channel is 
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optimum [3^. For the point A of parameter space, where the deviation to ^/i^-y coming from KK 
effects is maximal, one gets, 

where Sg^^^/ g^^^ = 0.31 is the relative error bar that can be obtained on the Higgs coupling by 
combining several measurements [58] . It means that the condition (Eq.( |G.5 )) on the observability 
of a la deviation between g^^ and its measured central value is not fulfilled. This constitutes 
a conservative result w.r.t. the theoretical parameter spanning. From the experimental point of 
view, the uncertainty on the measured central value makes the observation of a deviation on ^h^-^ 
even more difficult. 



I ILC 

The two dominant Higgs production reactions at future e^e~ Linear Colliders (LC) are the 
Higgs-strahlung mechanism and the WW fusion process [33] . For an intermediate center-of-mass 
energy of 350 — 500 GeV and an integrated luminosity C = 500 fb~^ (typically after one or two 
years of run), the experimental accuracy expected in the measurement of the e'^e~ Zh cross 
section is ±2.5% for m/j = 120 GeV I^S]. More recent studies dedicated to the International LC 
(ILC) performances [601 conclude that this accuracy can be improved down to ±2% with only 
^/s = 250 GeV and £ = 250 fb^^. For Higgs masses of 140 — 160 GeV, the accuracy is a bit 
worst. The cross section determination is independent of the Higgs decay modes: it is determined 
through a method analyzing the mass spectrum of the system recoiling against the Z boson. It is 
not the case for the process e~^e~ huv which is experimentally analyzed via the decay h ^ bb 
and is measured with a weaker precision. We do not consider this process here. The separation of 
the Higgs-strahlung mechanism and the WW fusion process is partially controllable by properly 
choosing the beam polarization configurations. Let us consider RS points A and B as the results 
will be only slightly modified at nih = 150 GeV due to the stronger EWPT limits on Mkk and the 
weaker experimental sensitivity. Before presenting the numerical results, we mention that below 
^/s = 500 GeV the direct effect due to the exchange of KK Z excitations in e'^e" Zh is negligible 
compared to the Z^-Z^^ mixing effect on the gnzz coupling. The RS corrections to the Z boson 
mass, width and coupling to e^e~ are also negligible due to the strong EWPT constraints. 

Assuming the parameter set A/B, the ILC experiment would measure a cross section a{e^e~ 



Zh) in the interval [(T-,cr-|-] where, according to Eq.(G.3), 



R,s l±2^a/a ^^a^^ l±26a/a 

5a /a being the experimental accuracy. Having replaced 5a /a by 25a /a, the probability to 
obtain a measure in this interval is of 95% like the C.L. for this measurement. Taking 
^RS^^SM _ {gf^2:z/ dfizz)'^ {Syi radiative corrections are compensated) and the dependence 
5a /a = y^cr^^/cr^S X 2% [60], we find for the [cj_, ct+] ranges: 

[0.28,0.37] X a^^ (point A), and, [0.69,0.83] x a^^ (point B). 
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These intervals would translate into possible Higgs couplings measurements in the following ranges 
(to be compared with the starting theoretical values for g^zzl dfiZZ ™ Table |l|: 

cxp cxp 

0.53 < < 0.61 (point A), and, 0.83 < < 0.91 (point B). 

9hzz 9hzz 

These precise 'reconstructions' of the couplings illustrate the ILC capability of clearly discrimi- 
nating between pure SM couplings and couplings affected by RS corrections, in the Higgs-gauge 
sector. This clear distinction is explained by the possible large RS corrections combined with the 
high ILC sensitivity on the cross section. Note that for m/^ = 120 GeV, the ILC can test the whole 
range of possible g^^z values when gz' spans the entire allowed interval 0.72 — 1.57 (point B - point 
A), assuming the smallest Mkk value allowed by EWPT. In other words, even the regions with 
small ghzz deviations (case of point B) can be tested. These deviations would constitute indirect 
experimental signatures of the RS scenario. 

Let us finish this part by making a comment on the possibility at ILC of discriminating between 
different models beyond the SM, using the Higgs-gauge sector. Under the hypothesis rrih = 120 
GeV, the theoretical g^zzl 9h^z value cannot go below 0.57 [see Tablejl] and the found experimental 
value at ILC could not be below 0.53 (at 95%C.L.). Hence a measurement at the ILC of the 
coupling constant ghzz completely below 0.53 x gf^z would exclude the RS model. For instance 
in the Minimal Supersymmetric SM, such a coupling 

9hzz^/9hfz = sin(/3-a) < 0.53 is realizable 
for a CP-odd boson mass tua < 130 GeV and tan/3 ~ 30 



C. The Higgs boson pair production 

Let us assume for a while that the Higgs boson has been discovered and that its mass has been 
measured at LHC or ILC. Then an approach similar to the one adopted throughout this paper 
could be followed. First, one would have access to the quartic Higgs self-coupling, denoted A/^, via 
the measured Higgs mass, 

ml = 2 XhV^ + S^^ml, (43) 

where (5^^m| includes the SM quantum corrections. Then one would be able to deduce the triple 
Higgs coupling strength: 

ghhh = 3XhV + 5^^ghhh, (44) 
as well as the hhVV coupling strength: 

ghhvv = ^ + ^9hhVV, (45) 

with gy = {g'^ + g'^,g^} and Sghhvv taking into account both SM radiative corrections and KK 
gauge mixing effects. 

Therefore, the theoretical values for the rates of the (more challenging) Higgs boson pair produc- 
tion could be computed within the RS model. Indeed, this pair production proceeds e.g. at LHC 
through (i) the usual single Higgs production diagrams with the final Higgs leg being connected to 
two other Higgs fields via the ghhh coupling, (ii) a, 'double' Higgs-strahlung process qq hhV with 
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two radiated Higgs bosons involving either two times the ghw vertex [plus the t-channel contribu- 
tion] or one time gthw and (in) the Vector Boson Fusion (VBF) mechanism qq — > V*V*qq hhqq 
with the ghhvv coupling instead of the Qhw one. At ILC, the Higgs pair production occurs simi- 
larly trough (i) the usual Higgs production diagrams with the final Higgs connected to two Higgs 
fields via ghhh^ (H) & double Higgs-strahlung reaction off Z bosons e~^e~ hhZ involving two 
times the gnzz coupling or one time ghhzz and (iii) the VBF mechanism e^e^ — > V*V*U hhii 
[£ = e^, v] involving gthw couplings. 

In conclusion, because of the theoretical relation between the Higgs mass and its couplings (via 
the A/j, V values), the m/j, my, Gp measurements would permit to predict the gf^yy, g^hw^ 9hhh 
coupling constants and hence potentially to test the RS model via the Higgs pair production. This 
new test would be more difficult, in particular due to the smaller rates, but complementary to the 
single Higgs production at LHC or ILC. 

V. RS VARIANTS 

In this last part, we discuss qualitatively the implications of the Higgs VEV corrections on the 
EWPT and Higgs couplings that we have treated in detail above, but within the other versions of 
warped extra dimension models. 

First, an alternative scenario to the one we have considered is that SU(2)r remains unbroken in 
the bulk (M = 0). Then the dominant contribution to Trs comes from the exchange of (excited) 
t and h quarks at the one-loop level. The estimation of this radiatively generated Trs relies on a 
sum over fermion/boson KK towers which depends on the choice of quark representations. In such 
a case, v would no more depend on M but the correlation between S'rs and Trs through would 
still be modified by the dependence of the Higgs VEV corrections on these parameters. Indeed T^g 
would still depend on 5, Mkk and gz'- Besides, the increase of v w.r.t. vsm = 245 GeV would 
imply an enhancement of 5rs which tends to increase the EWPT lower limit on Mkk, as we also 
find above. 

Another possibility within the RS framework is to include large kinetic terms for the gauge 
fields on the IR brane [62] , without bulk custodial symmetry. Such terms repel the KK mode wave 
functions from the brane so that the KK gauge mixing effect, coming from the coupling of KK gauge 
fields to the Higgs boson located at the IR brane, is reduced. Hence the Higgs VEV corrections 
are expected to be significantly weaker than here, and their effects on EWPT constraints as well 
as on Higgs couplings softer. 

In the case of gauge-Higgs unification scenarios, where the extended bulk gauge symmetry gen- 
erally contains the custodial group SU(2)l x SU(2)r xU(l)x, the KK gauge mixing effect [induced 
by EWSB] should be of the same order as in the present paper since the Higgs profile is peaked 
on the TeV-brane (instead of being exactly confined as here). By consequence, comparable Higgs 
VEV corrections are expected and in turn similar EWPT bounds on M^k- 

Finally, we mention the so-called gaugephobic Higgs models where the Higgs VEV on the brane 
can be much larger than here, forcing then the lightest W and Z modes to move further from the 
brane |23| [2l] . In the limit of an infinite VEV, where the couplings between the Higgs and gauge 
bosons vanish, one recovers the Higgsless gauge boundary conditions. In such models, to maintain 
compatibility with EWPT, one must render the corrections to the S parameter small. For that 
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purpose, one has to allow all the light fermions to be spread in the bulk [63j. When their profile 
becomes approximately flat, their wave function being then orthogonal to the KK gauge boson 
ones, the contributions to S can be made arbitrarily small. Nevertheless, with such a fermion 
universality, one clearly looses the beauty of generating the mass hierarchy and flavor structure via 
the simple geometrical mechanism of wave function overlapping. 

VI. CONCLUSION 

Within the RS framework, the corrections to the Higgs boson VEV induced by the KK gauge 
mixing can be large. Those imply an enhancement of the EWPT lower limit at 95.45%C.L. on 
Mkk that can be larger than +30% for m/j = 120 GeV. Another important role of these RS 
corrections to the VEV is played in the calculation of the Higgs couplings. We find that the Higgs 
couplings can be significantly reduced w.r.t. SM rendering the Higgs production detection at LHC 
more delicate. The Higgs rate suppressions also allow to pass the LEP2 constraint with mh — 99 
GeV, a mass for which the Higgs discovery at LHC would be tricky. Finally, the large deviations 
to the Higgs couplings due to extra dimensions provide an indirect way of testing the RS model: 
the LHC precision in light Higgs rate measurements would allow to explore KK boson mass ranges 
above 4 TeV (in agreement with EWPT) through Higgs production/decay channels involving the 
couplings ghgg and ghw- With the higher accuracies expected at ILC, even more clear signatures 
of the RS scenario may arise in the precise measurement of gtzz deviations. 
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Appendix 



APPENDIX A: GAUGE BOSON MASS MATRICES 



The neutral gauge boson mass matrix reads as (writing only the first KK mode contributions), 



Ml 



9z 



2 V' 



-ff|fV2ra;^cos2 0' 
-5|f (2fe7ri?,)^cos2^' 



\-<7|^^/2ra;|^cos2e' _52^(2Me)f^cos2e' M'^ j, + gl\ {2k7: R,)'-f cosH' ) 



(A.l) 



with = 9^ ~\~ 9'^ ■ The increasing factor \flk/KTic is the ratio of the Z^^^ over Z*^ wave function 
amounts at the TeV-brane (where is stuck the Higgs boson). We have checked that numerically 
this ratio is not significantly different for the three first KK states (independently of the BC: 
(++) or (—+)). However, the sign of the nt/i KK gauge wave function at the IR boundary goes 
like (—1)""^. The three first KK masses are respectively Mkk — (2.45; 5.57; 8.70)fee~'^'^^= and 
M'j^j^ ~ (2.40; 5.52; 8.65)^6"'^'=^'=. 

The charged gauge boson mass matrix is (note the presence of the M."^ term) : 



M 



± 



9 4 



2 

W 



9 4 



(2M,)| 



4 



KK 



+ 



4k 



4 

TkRc\2 



(A.2) 



APPENDIX B: GAUGE BOSON COUPLINGS 



The neutral gauge boson couplings to the Higgs boson are given by the following matrix (see 



Section IV A), 



Co 



-5|f^/2CT;^cos2^'\ 



-ff|^(2fc^i?,)|f cos^^' 



gz 

9zi 



gl^VWi, gl\{2kTTR,) 
y-5|f^/2ra;^cos2 0' -5|f(2M,)||cos2e' <7|f (2fe7ri?e) J cos^ ^' ) 

where the irreducible quantum correction to the hZZ vertex is. 



ghzz 



3{g^ + g'^) mi + mf 



(B.l) 



(B.2) 



167r2 2 

We do not include explicitly the SM radiative corrections due to the Higgs boson self-energy as 
those constitute a common factor in the RS and SM coupling hZZ, thus disappearing in their ratio 
that we will compute here. 
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The charged gauge boson coupUngs to the Higgs boson are alternatively determined by 

C± = 



4 

,-,2 



g'^^fW^, g^\{2kT:R,) -g^--{2k^R^)^ 
\ -g^-^VWr^l -g%(2knR,)l g%(2k7rR,y^ J 

the irreducible quantum correction to the hWW vertex being: 



(B.3) 



(> ghWW 



%1 
167r2 



ml ln{ml/m^) 
2{m1 - ml) 



(B.4) 



APPENDIX C: BOTTOM AND TOP QUARK MASS MATRICES 



In the field basis 



(0) ,(1) Ml) ,//(!) ,/c(l)st 



L .^L 



(ft' 



c(0) 
R 



,0j^ ,0p, ,0^ ,0^ J , 



the 4D 



bottom quark mass matrix, up to the first KK modes (numerical analysis includes first and second 
KK modes) for our model is, 



^bVbCeJc2 Jcb^ 
VbCeJc2 Jcb^ 





(1). 



AO) 






.(0)* .(1) 

VbCeJc2 hb^ 







, 2 (1) 


„(i)*„(i) 
VbCefc2 fci^ 










(1) 













'(1) 














'(1) 

met 



(C.l) 



In the field basis $ 



L 



it 



(0) ,(1) ,c(l) 
L ^''L ^^L i^L ) ^ 



{f'^\t^^ ,f^\t'^^y , the top quark mass 



matrix up to the first KK states (same comment for the numerical analysis) is given by: 



Mt 



( ~ .(0)* .(0) 

Ji)* AO) 



. ~ (1)* „(0) 



n - ^(o)*^{i) 

vtsePA Pct^ 



(1) 

Ctr, 



m, 



{!)* Ai) 

vtsegW fct^ 







'(1) 



\ 



(C.2) 



efe t is described in Section 



IVA2 



is the n-th KK mass for (++) ((- 



Besides, in our notations, Vb,t 
-)) BC fields, cg = cos^ {sq = 



= Xlp/V2kR„ 
sin 9) and 9 is the effective 



(n) / 

mc [mc ) 



angle of the mixing between the two left multiplets. /i"^ and gi"^ are respectively the fermion 
wave functions along the 5-th dimension with (++) and ( — h) BC, whose values are taken at the 
position of the TeV-brane, X5 = irRc (where the Higgs boson is confined). For instance (see e.g. 
for excited profiles): 



X5) 



(1 - 2c)kRc 

,{l-2c)nkRc _ I 



g(|-c)fca:5 



(C.3) 



The zeroes in the bottom mass matrix originate from the fact that the fields b'j^^\ b'j^^^\ and 



b"^^ (with n = 1,2) have Dirichlet BC on the TeV-brane and thus, do not couple to the Higgs 



boson. For the top mass matrix, it originates from the fact that and i!^^ have Dirichlet 

BC on the TeV-brane. 
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APPENDIX D: BOTTOM AND TOP QUARK COUPLING MATRICES 



/ ~ i^(0)*.(0) p. 



The bottom quark Yukawa coupling matrix reads as, 

„(0)* .(1) 

Vbcefc2 IcJ^ 
Vbcefc2 fcb^ 




Cb 



ebVbC9jc2 Ic,^ 

Ai)* M) 
Vbcefc2 fct^ 










V2vtS0f^^^ g^t^ 



\ 



.(0) 



V2 



n 1 ~ (.J^^* r 

-^Vbcggi^' fcb 



R 















fK~ Ai)* (1) 

/2vtsgf^,' g'c,'^ 






(D.l) 



It is obtained from the bottom mass matrix defined in previous appendix, but with the KK mass 
terms set to zero. Hence, it can be defined through the relation: 

,dMb 



Cb 



dv 



(D.2) 



as may be useful. 

The dimensionful top quark Yukawa couplings can be derived from the matrix: 

(^tVtSeJd Jctji U VtSgJc^ Jct^ U 
„(1)*„(0) „ ~ n 



Ct 





(1)* .(0) 





(i)*,(i) 



(D.3) 



APPENDIX E: FERMION SUM RULE 



In this Appendix, we demonstrate analytically some useful theoretical relations which allow to 
take into account the full KK quark tower in the calculation of the gluon-gluon fusion mechanism 
amplitude, within the RS scenario. This generalizes results obtained in the case of a bulk Higgs 
boson within the framework of gauge-Higgs unification [18j. These relations also allow to implement 
the full KK charged fermion tower when calculating the loop-induced /177 coupling. 



For that, we use the same conventions/notations as in the Section IV A 2 A4f is defined as the 
mass matrix of a particular fermion ^l/b. the interaction basis. We have obtained C'ji/v to be 
the Yukawa matrix in the mass eigenbasis, where C'j 
but with the KK masses set to zero. 



UlCjUI^; Cf being the same matrix as A4f 



The matrices Mf and C'j are thus linked through the relation (see for instance Eq.(D.2)): 



Cf = Ul.v 



dM 



dv 



R 



Let us define here, for simplicity about the subscript notation, rrii 
for a given fermion within RS. Then we have 



M'flii and AfS 



rrii 



Tr(M'f\C' 



where M' .M' 



f 



(E.l) 

{C'fk)/v 

(E.2) 
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and can rewrite this trace as (accordingly to Eq.(|19|)): 

v-AP^ ^ / , .... dMf^.\ ^ f dMf 1 



rrii 



= v—Tr(lnMf)=v—ln('DetMf) (E.4) 

^-^ rrii dv dv 

i 

Applying this result to SM fermion mass matrices such as the ones in the Appendix [C] (including 
even possibly the entire KK tower contribution), 

\RS f; B 

= v—y^lnMf\^^ = v—lnMf\ll = l (E.5) 

mj ov ^-^ ov 

and for exotic fermions without zero-mode, as for instance the g|_7^3) field appearing in a multiplet 



of Eq.(22), 



■\ RS r. fj 

J:^ = ^1^X lnMf\u = 0. (E.6) 



Application to the KK fermionic contributions of the effective hgg and h'yy couplings: 



In both Eq.(26) and Eq.(|34[), the fermionic contribution to the amplitude reads, for each 
— — X^^v 

independent KK tower, mf ^1/2 (''"/)' irrelevant global color and electric charge 

factors. The sum over {/} denotes the sum for a corresponding fermion /, of its zero-mode and 
all KK excitations it couples to through the Higgs field. 

Using the properties of the spin-1/2 form factor, one can set that for all KK excitations, 
^1/2 (''"/^^^ ) ~ ^ with a high precision (up to 1 per 1000). Having so, one can separate the contri- 
bution in the tower of the first fermion eigenstate (generally mainly composed by the zero-mode 
component) noted from the heavier eigenstates (mainly made of KK modes) noted /^^'s for 
simplicity here: 



T —Adv) ^ — <2(^/o) + y - — 4/2(^f^-^') = + ^ ^ 

Af , , A^i) , , / X^rv\ . X^^v 

{/} 



KK 



V 



nif ^1- - J ■ ^ irifKK • nifo ^ ruiKK 

^^f^v , X^^v . / X^^v\ X^^v . , X 



where we have used the relation (E.5). It is a remarkable feature that the KK sum can be reflected 
in a few properties from the lightest mode. 

Note that for an exotic fermion /', with no zero-mode, the sum even cancels: 

^Xfv , ^ ^ ^X^i-^v ^X^^^v 

y -^4/2 T/0 = y - — 4/2^f^^ = y - — = E.8 



according to the relation (E.6). 
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APPENDIX F: BOSON SUM RULE 

Here are shown some theoretical sum rules for the bosons, similarly to the fermion case of 
previous appendix, but which apply now to the computation of the effective /177 vertex. 

The coupling matrix Cj_ and mass matrix for the charged gauge bosons are linked via. 



Reminding = A4'^|„„ and ghW"W'^ ~ 2(C'±|nn)/S from Section IV A 1 the loop part from 



the gauge boson KK tower can then be written as [see Eq.(16)]: 

Obviously, this relation also holds for the neutral gauge boson KK tower, and one can check that 

DetA^|=,^^n<tMf/, (F.3) 

n 

where mJ*^^ = (mJ'J + ^e'^^^-f, so that, at the end: 

5:|^=^^^M5^f) = l. (F.4) 

n w 

Application to the KK W contributions of the effective /177 coupling: 

Applying the above result to the EW gauge boson KK tower contribution in the /i77 effec- 
tive coupling allows one to rewrite: 

ni I „RS ryi I 

„ yw _|_|nn ^'"'W ^>x-' '±1^™ 

E (-^") = (-^) - 7 E ^ = - 7 f 1 - 

„ J^i- ±\nn '^'"'W 

where we have used the properties of the spin-l form factor, so one can set that for all KK 
excitations, A'Ktw") = —7 again at a high accuracy level (up to 1 per 1000). 



APPENDIX G: EXPERIMENTAL SENSITIVITY ON HIGGS OBSERVABLES 

Given the expected relative precision 5Q/Q on a quantity Q to be measured in the Higgs boson 
sector, one can predict that there is a probability of 68% that the measurement will be at most 
given by, 

6Q 



QSp^ = QRS + ^Q^xp^ (G.i) 
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assuming that the exact value Qrs is the one obtained theoretically in the RS model. Then an 
experimental error of {dQ/Q)Ql^ would be taken. Hence, the largest experimental value that 
can be expected at a 68%C.L. is 



limit 

exp 



From Eq.(G.l) and Eq.(G.2), we deduce 



Sext' = QrS + 2 X 



Qrs 



1 + 6Q/Q 



(G.2) 



(G.3) 



The condition to observe experimentally an RS negative correction to Q, or in other words to 
measure a Q value smaller than the SM one: Qsm, reads as 



QsM > Q. 



limit 
exp • 



Assuming 6Q/Q < 1, one obtains the final condition from combining Eq.(G.3)-(G.4), 

Qrs 1-SQ/Q 
QsM l + SQ/Q' 



(G.4) 



(G.5) 
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